Introduction
This chapter presents applications and research results of laser welding in crashworthiness parts. The term "structural crashworthiness" is used to describe an investigation into the impact performance of a structure when it collides with another object. This type of study is required in order to calculate the forces during a collision, which are needed to assess the damage of structures and the survivability of passengers in vehicles, for example. An important aspect of crashworthiness studies deals with impact energy absorption since the main purpose of vehicle crashworthiness is the dissipation of energy in specially designed zones while maintaining a survival space for passengers in stiff zones. Several important technologies have been used to improve the crashworthiness of structures. Particularly in the transportation industry, the conflicting requirements of weight reduction, emissions reduction, improvement of energy absorption and reduction of intrusion and force levels, has led to advances in different areas: materials (increased use of light-alloys, polymers and high-strength steels), technologies (laser welding, tailor-welded blanks, hydroforming), design tools (computational power, advanced software, analytical tools). The improvement of crashworthiness and reduction of weight using high strength steels (or other alternative materials) cannot be applied directly without considering other features. Thickness reduction cannot be performed without taking into account other design restrictions, particularly stiffness, but also dynamic stability i.e. resistance to the transition from progressive folding to global buckling. For this purpose design simulation tools such as the finite element method can make an important contribution. But also a conjugation with developments in technology processing can be adopted since laser welding and hydroforming have the potential to increase stiffness. The interest of laser welding is related to the concept of intelligent design wherein the manufacturing process can bring advantages to both energy absorption and stiffness thereby increasing the potential advantage of using higher strength materials. Of particular importance has been the use of laser welding in tailor welded blank technology, which further allows the use of material in a more efficient way. For example, using higher thickness sheet metal where it is more needed. Or using higher strength materials in areas where more strength is needed. The application of such concept is currently in use but can become more widespread with more extensive research and driven by the need to reduce Welding occurs when materials are heated to a molten state and fused together. Lasers generate light energy that can be absorbed into materials and converted to heat energy. By employing a light beam in the visible or infrared portion of the electromagnetic spectrum, energy can be transmitted from its source to the material using delivery optics which can focus and direct the energy to a very small, precise point. Since the laser emits coherent radiation, the beam of energy has minimal divergence and can travel large distances without significant loss of beam quality or energy. Laser welding techniques take advantage of the capability for applying thermal energy to small areas in an efficient manner. This feature offers some distinctive metallurgical advantages in some welding applications, but also creates some unique problems. Since the surface heating generated by the laser light relies upon the material's heat conductivity to produce the weld, penetration is usually limited to less than 2 millimeters. However, using a technique known as "keyholing," higher power lasers (>106 W/cm²) can make deeper penetrations: by heating the spot of laser focus above the boiling point, a vaporized hole is formed in the metal. This is filled with ionized metallic gas and becomes an effective absorber, trapping about 95 percent of the laser energy into a cylindrical volume, known as a keyhole. Temperatures within this keyhole can reach as high as 25,000 °C, making the keyholing technique very efficient. Instead of heat being conducted mainly downward from the surface, it is conducted radially outward from the keyhole, forming a molten region surrounding the vapor. As the laser beam moves along the work-piece, the molten metal fills in behind the keyhole and solidifies to form the weld. Generally, there are two types of lasers that are being used for welding operation: CO2 and Nd:YAG. Both CO2 and Nd:YAG lasers operate in the infrared region of the electromagnetic radiation spectrum, invisible to the human eye. The Nd:YAG provides its primary light output in the near-infrared, at a wavelength of 1.06 microns. This wavelength is well absorbed by conductive materials, with a typical reflectance of about 20 to 30 percent for most metals. The near-infrared radiation permits the use of standard optics to achieve www.intechopen.com
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focused spot sizes as small as 0.025mm diameter. CO2 lasers have an output wavelength of 10.6 micron and an initial reflectance of about 80 percent to 90 percent for most metals thus requiring special optics to focus the beam to a minimum spot size of 0.08mm to 0.1mm diameter. However, whereas Nd:YAG lasers have power outputs up to 500 watts, CO2 systems can easily supply 10,000 watts and greater. As a result of these differences, the two laser types are usually employed for different applications. The powerful CO2 lasers overcome the high reflectance by keyholing, wherein the absorption approaches blackbody. The reflectivity of the metal is only important until the keyhole weld begins. Once the material's surface at the point of focus approaches its melting point, the reflectivity drops within microseconds. One of the most promising technologies enabled by laser welding is tailor welded blanks. The application of such concept is becoming more widespread, driven by the need to reduce weight in automobile structures. Several challenges related to tailor welded blank technology have been addressed in recent years. Gaied and co-authors (Gaied et al., 2009) performed an experimental and numerical assessment of the formability of tailor welded blanks, being possible to predict the behavior of forming limit curves numerically and match with experimental results. Another recent study (Sheng, 2008) was focused on the forming of tailor welded strips with the interest of application in progressive forming. Dome tests were conducted and compared with simulation results allowing the validation of the approach for progressive forming. The forming parameters and processing dial-up for tailor welded blanks presents its own challenges (Panda & Kumar, 2001 ) as described in a study on the improvement of formability through application of counter pressure in biaxial stretch forming of tailor welded parts. Joining of dissimilar materials has been given much attention in recent years due to their superior functional capabilities. The application in tailor welded blanks of different high strength steels has already been accomplished and tested by the author (Peixinho, 2004) . The application in beam structures of Dual-Phase DP600 and DP1000 steel materials with different thicknesses allowed for improvements in specific energy absorption in impact loading. Another combination of dissimilar materials is of aluminium with steel due to its potential application in aerospace and automotive industries. Joining material combinations such as aluminium and steel poses a number of problems including formation of brittle intermetallic compounds, poor wetting behaviour of aluminium and differences in physical and chemical properties of the base metals. A recent numerical study by Padmanabhan and co-authors (Padmanabhan et al., 2008) determined the formability characteristics of aluminium-steel tailor-welded blanks. Aluminium (AA6016-T4) blank sheet was combined with a range of steel blank sheets namely, mild-steel (DC06) and high strength steels (AISI-1018, HSLA-340, and DP600) to form four different Al-steel tailor-welded models. Other numerical studies on tailor welded blanks (Liu et al., 2007) and (Qiu & Chen, 2007) , have clarified the need for reliable and numerical simulations in stamping and hydroforming processing of tailor welded blanks. The reliability of numerical simulations is a resultant of mesh quality, finite element formulation but also the availability of material properties that describe adequately material behaviour. For example, (Cheng et al., 2007) presented an experimental method of analysis to determine the tensile properties of welds of the heterogeneous tailor-welded blank (TWB) and its base metal. A real-time microscopic recording system was developed to acquire the true stress-strain data of the weld during tensile testing. A characterization of tensile properties of tailor welded IF steel sheets was also presented by Panda and co-authors (Panda et al., 2007) . Efficient numerical models can also be used for design optimization of welded blanks, as presented by (Kim et al., 2000) . The design of vehicle front structures for crashworthiness is commonly based on a series of rigid subsystems that constitute a nearly undeformable survival cell for the passengers, and deformable subsystems able to efficiently dissipate the vehicle kinetic energy. During frontal crash the front rails represent the main deformable components aimed to dissipate the kinetic energy of the vehicle, therefore their behaviour is crucial to obtain good vehicle performance, with stable and controlled energy dissipation. The design of the front rail, usually consisting of a thin-walled prismatic column, requires definition of materials and geometry: shape and dimensions of the cross section, thickness of the material. An important issue in automotive design the trend for adopting materials allowing more efficiency. Widely used materials like deep-drawing steels are being substituted by high strength steels (dual-phase, TRIP steels.), aluminium alloys, magnesium alloys, and various types of polymeric materials and composites. There are several reasons for this change: the structure weight reduction that allows for more accessories and safety components, the need for higher stiffness and strength of the car body structure and cost reduction. Several problems are associated to the introduction of new materials: their properties are still not completely known, the usually adopted technologies are sometimes not usable anymore, and new environmental and protection problems arise. Additional problems are associated to the joining techniques. Regarding laser-welded tubular structures subjected to impact loading there are not extensive results available in the literature. Radlmayr and co-authors (Radlmayr et al., 1993) examined octagonal sections, whereas (Geoffroy et al., 1993) reported that laser-welded crash boxes have slightly improved or similar energy absorption characteristics, as compared to spot-welded ones, but a consistent stabilization effect of the plastic folding was obtained. The author (Peixinho et al., 2006) presented experimental and numerical results for impact testing of thin-walled structures made of high strength steels and using spotwelding, laser welding and tailor welded blanks techniques. The results highlighted the advantages of continuous joints in thin-walled structures and improvements in energy absorption using laser welding and tailor welded blank technology. Peroni and co authors (Peroni et al., 2009 ) presented results of an experimental program aimed to study the progressive collapse behaviour of some thin-walled closed-section structural sections made from deep-drawing steels and joined with different joining. Solutions characterized by different continuous joining technologies were examined and compared to the usual spotwelding solution. The obtained results indicate that continuously joined structures are at least equivalent to and generally better than spot-welded structures, and have further advantages typical of these joining solutions (higher stiffness and fatigue strength, improved vibration response, especially in the case of adhesive joints). Stability of folding was reported as much improved with laser welding compared to the other joining solutions.
Research work in laser welding applications

Laser welded crashworthiness parts
This section presents results from an experimental program that included quasi-static and dynamic testing of tubes made of high-strength steels, as described in (Peixinho, 2004 Besides the three types of steels, top-hat and hexagonal geometries, also spot welding and laser welding technologies were used in the manufacturing of tubes. Laser welds were performed continuously at the centre of the joining flanges of the tubes. After specimens had been cut to length, the end faces were ground to ensure the faces were square and parallel to each other. Generally the tubes used for dynamic testing were manufactured with triggers. These are indentations in the tubes used to initiate the folding process. The crush and bend tests were performed using three different test equipments to cater for different test speeds. A summary of the experimental program is shown in table 2. In figure 5 the nominal dimensions of the studied sections are presented. The bending tests were performed on tubes with a top-hat geometry and having dimensions of the section presented in figure 5 .a). Some of these tubes were manufactured using two different steel grades: DP600 and DP800 with the manufacturing process making use of tailor welded blank construction. In this case, the central section of the tubes was manufactured with DP800 and the extremities using DP600. This type of solution is currently of great interest for the automotive industry since it allows the manufacture of components having a variable thickness. In this way greater weight efficiency can be achieved since higher thickness can be used in specific locations, for example in the impacted area of a energy-absorbing beam. In this case case, besides different thickness, also different materials were used which makes the welding process more difficult. The set-up for the bending tests is presented in figure 6 . The details of the tubes manufactured using tailor-welded blanks are presented in figure 7. had a cylindrical end with a 38mm diameter and a support for the tubes as presented in figure 6 . The dynamic tests were carried out at test energies ranging from 0.575 to 14.270 kJ. Different test energies were obtained changing the drop height and the impact mass. Figure 8 shows the drop hammer rig as well as associated instrumentation, test supports and specimens. A Laser-Doppler velocimeter was used to obtain the velocity-time history during the dynamic tests. It was then possible to obtain the load-time, displacement-time and load-displacement histories. From these data, the axial displacement, or crushing distance, as well as the displacement averaged mean load values may be calculated. The crushing tests of tubes were used to determine of maximum crushing force P máx , mean crushing force P m , absorbed energy E a , as well as to perform a qualitative analysis of the crushing behaviour that included the number of lobes formed, types of lobes, and collapse type. The specimens were accurately measured prior to and after testing. The total crushing distance  was measured as the difference of the height of the specimen before and after testing. The recorded force-displacement curves obtained in the DARTEC tests were integrated with respect to the deflection  to determine the mean crushing force. The mean load P m was then calculated using the expression:
where  f is the final deflection. The mean load is an indication of the energy-absorbing ability of a structure, when compared to the axial displacement required to absorb that energy. Subsequently, the mean load and absorbed energy were also calculated for prescribed displacement values. The maximum crushing force was determined from the load curves. However, this value is only reliably obtained in the quasi-static tests since inertia effects and fluctuations in the initial load peak exist in the dynamic tests which makes accurate recording difficult.
In the dynamic tests the velocity-time readings obtained with the Laser-Doppler velocimeter were differentiated and integrated to obtain the load-time, displacement-time and loaddisplacement histories. From these data, the axial displacement, or crushing distance, as well as the displacement averaged mean load values may be calculated using the absorbed energy in the same manner as with the quasi-static tests. In general, the spot-welds resisted well the loading and deformations. Besides localised material fracture, only in a few tubes and in a few locations, spot-welds were halfway torn apart. Laser welds only presented problems for the TRIP600 steel. Only in a few of the tophat tubes manufactured with this material it was possible to obtain regular progressive folding without separation of the hat-section and closeout panel. However, the hexagonal laser-welded sections and the spot-welded tubes manufactured with TRIP600 did not present that problem. The analysis of results of energy absorption properties should consider the folding behaviour and its initiation. Generally, the dynamic tube crushing tests made use of initiators or triggers in the form of indentations in the tubes. These worked satisfactorily in the dynamic tests, providing an efficient initialisation of the crushing process near the top of the specimen (proximal face to the impact mass). This feature could be observed from the camera recordings. Figures 9 and 10 present examples of the initiation of folding. The images were obtained with the recording camera rotated for best resolution within the test area. Fig. 9 . Initial sequence of crushing of a hexagonal tube Generally, buckling was initiated at the proximal face of the specimens and progressed towards the distal end. However, in some cases, there was a simultaneous initiation of folding at both ends with a plastic buckle being developed near the distal end of the specimen. This buckle generally remained stable during further deformation of the specimen, which could be attributed to the contribution of the triggers at the opposite end of the specimens. In some of the tests with spot-welded tubes this buckle caused a nearsimultaneous progression of the crushing process from both ends, or also instability towards the end of the deformation process. Since the spot-welded tube did not have triggers this occurrence is attributed to the competition between both ends in the contribution to the deformation process. In figure 10 this occurrence is also observed. 
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Several features can be observed from the results that allow a comparison of different materials, geometries and welding processes. This analysis can be performed by comparing the absorbed energies at prescribed displacements, in this case energies at 50mm and 90mm of crushing length. This analysis is important since the absorption of energy and its management are critical to obtain crashworthy structures. In figures 11 to 13 examples of absorbed energies at different crushing lengths (E 50 ; E 90 ) and different test velocities are presented. In these cases an increase of absorbed energies for impact loading is observed which was expected when considering inertia and strain rate effects. www.intechopen.com
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crush distance in laser welded connections was expected, considering previously published results. However, in figure 14-b) it is observed that at higher impact speeds the spot-welded tubes absorbed a higher amount of energy. This was not observed for TRIP600 steel, although with this material the difference in absorbed energies between spot-welded and laser welded tubes in dynamic crush testing was very small. It is possible that at impact loading the continuous connection obtained using laser welds has undergone some local separation although this was not observed in the tests considered for this analysis.
a) quasi-static crush tests b) dynamic crush tests Fig. 15. Comparison of absorbed energies for spot-welded (SW) and laser welded (LW) tophat tubes (TRIP600)
Another observed feature in the experimental tests was the efficiency of different sections for the purpose of energy absorption. This was possible in the tests of the TRIP600 material where the specific absorbed energies of top-hat and hexagonal sections were compared. Figure 16 presents results of that comparison. A remarkable increase in absorbed energy per unit weight is observed for hexagonal sections. This was expected considering existing results in the available literature (Auto/Steel Partnership, 1998) where the difference in the average static crush force between top-hat and hexagonal tubes having the same mass was of approximately 40%. In the present tests the increase in the average static crush force was of approximately 32% with the increase in the absorbed energies E 50 and E 90 ranging from 32.9 to 37.4 % in the quasi-static tests and 29.6 to 35.5% in the dynamic tests. This increase in the efficiency of the energy absorption is expected considering that thin-walled cylindrical shells have more efficient folding modes and that octagonal and hexagonal thin-walled sections are closer to the more efficient circular shape than top-hat sections. In figure 17 a comparison of specific absorbed energies of DP600 and TRIP600 is presented, based in tests using the same geometry (top-hat). A noticeable increase in specific absorbed energy is observed for the TRIP600 material, in both quasi-static and dynamic tests. This difference can be attributed to the higher strain hardening and strength properties and also the higher elongation to fracture that implies a higher area under the stress-strain curve, which is directly related with energy absorption. However, it should be noted that the tests were performed in tubes manufactured using steel sheets with different thicknesses, which might induce differences in the folding process with consequences in the absorbed energy. The available data for bending tests allows the evaluation of some features. In figure 18 a comparison of quasi-static and dynamic absorbed energies is presented for the tubes manufactured using tailor-welded blanks. As expected a slight increase is observed for the dynamic case. Figure 19 presents a comparison of specific absorbed energies (E 50 and total absorbed energy) between the tubes made of DP800 steel and the ones manufactured using tailor welded blanks (that use DP600 and DP800 steel grades). The tubes manufactured using tailor-welded blanks are more efficient because the plastic deformation is localized in the central area where the striker impacts the tube. Fig. 19 . Comparison of specific absorbed energies in bending tests of tubes manufactured using DP800 steel and tailor-welded blanks (DP600 and DP800 steel).
Application of laser welding in the development of components with localized thermal triggers
This section presents results of a study aimed at developing an approach consisting of local heating of aluminium alloy structures with the purpose of introducing a local modification of material properties. The main objective of this approach is the management of crashenergy absorption in a cost effective manner through the introduction of triggers: by local heating in areas chosen for triggers, local softening of aluminium can be induced thus The structure considered in this study is a prismatic column with square cross-section of aluminium 6060-T5. The dimension of the cross-section is 75x75 mm with 1.5 mm wall thickness, and the length of the column is 300mm. The local heating in areas chosen for triggers will be modelled in the numerical simulations through the modification of the mechanical properties, as shown in figure 20 .b). The location of these triggers on aluminium alloy will be precisely induced thus forcing the column to deform in that zone. The mechanical properties considered on the numerical simulations are Young's modulus E=69×10 3 MPa, Poisson's ratio =0.3, density =2700Kg/m 3 and the initial yield stress  y =180MPa for the base material and  y =108MPa for the heat affected zone (HAZ). The complete true stress-strain relation used in the simulations is shown in 20-b). As the aluminium is insensitive to the strain rate effect, this is neglected in the finite element modelling.
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M = 70 kg
The present simulations were performed with the commercial software LS-DYNA that is appropriate for non-linear explicit dynamic simulation for large deformations. The loading condition is the impact of a rigid mass of 70kg at an initial speed of 45km/h on the top of the model, as shown in Figure 24 .a), being the lower part of the model clamped. The elements used in this type of modelling need a good bending capacity and membrane behaviour for large in-plane deformations allowing for axial loads. With these requirements the chosen element is a Belytschko-Lin-Tsay shell element of four nodes, which is commonly used in crash simulations. This element type is suitable for the large deformations which occur in the folding process. Five integration points were used in the thickness direction. The contact between the rigid wall and the model is defined as surface-surface interaction with a friction coefficient equal to 0.1. Besides, self-contact with a friction coefficient 0.1 is defined on the model walls and gravitational acceleration is applied to the whole model. In the numerical simulations the focus of the laser heat treatment was chosen for trigger dimension, and appropriate mesh size triggers are also chosen, as shown in Figure 24 b ) and c). The studies are based on the 3mm and 1.5mm width of the laser focus, that is, the weld3 and weld1.5 as indicated in the figures. A total of six triggered configurations were defined, depending on number, width, and location. The number of triggers can be largely divided into three types, i.e. without trigger, triggers in opposite sides (2 sides) and triggers around of the model (4 sides of the model), and their width is also varied either 3 or 1.5 mm, as shown in Table 3 . In all models the triggers are referenced to the top of the numerical model. For example, in reference 14x20 it is meant that the triggers are inserted in up to intervals of 20 mm, fourteen a) 300mm V = 45 km/h 75mm www.intechopen.com Laser welding application in crashworthiness parts 127 triggers in along of the model. When the reference is 9x30 and 6x40 the same process is done, inserted at even intervals of 30mm/40mm with nine/six triggers in along of the model, respectively. For models with the reference 4x20, 4x30 and 4x40, only the initial four triggers are introduced in up to intervals of 20mm, 30mm and 40mm, respectively. Plastic folds are initially formed in the upper part of the smart models, and continue to develop gradually down into the lower parts. Besides, as soon as the folds consist in a side of the model, they develop in the side opposed in turns. These folds are facilitating a mechanism to absorb the energy on the compressive deformation, therefore the tendency of formation of folds fulfils an important role in the absorption of energy. The numerical results of some smart models are shown in Figures 25-27 , where it is possible to observe that under dynamic loading models generally had a regular progressive folding, but some of them exhibited irregular plastic folding during the terminal crushing stages, as observed in model Weld3 4sides 4x20 (Figure 27 ), where the folds are well induced at the trigger sites in the initial phase of deformation, but showing quite unstable deformation later on. In both models without triggers, in the middle of the plastic deformation phase the folds are quite irregular inducing to a structural instability. Crash energy absorption in the axially loaded model proceeds by the folding process. The elements compressed by the axial compression at the critical load loose the stability of the equilibrium configuration of the structure. Figure 28 shows through the force-displacement curves where it is folding outward (A), contact outward (B), folding inward (C) and contact inward (D). Through the deformed shape of the model the last statement can be confirmed. When the first fold is forming, the model reaches the maximum force capacity, which represents the first peak and is referred to as the maximum peak force. The load decrease as the first fold is being developed where the folding outward is started. After the completion of the first fold, the force reduces to the first lowest point where the contact outward happened. The further deformation causes the load to increase until the next peak is formed with the formation of the second fold. The process repeats with the folding the third, forth, and fifth folds until the kinetic energy of the striking mass has been reduced to zero, as shown in Figures 29-33 . Figure 29 shows the force-displacement and absorbed energy-displacement curves of the models with triggers along of the model and for the distance 40mm the results are quite different than the other ones because the first fold is forming in the top of the model but the second fold is being started at the bottom of the model. The absorption energy during the crushing process for the same displacement than the others is increasing. This model is an exception when compared to the others smart models studied here. shape of the mo es of the models w acement and abso ggers, on the adjac dels without trigg antly higher than reduced about 14 ncy of energy ab in opposite sid e model with 3mm nted research wo with the purpose using laser heatthe local hardnes n the sample, with Fig. 30 . Force -displacement and absorbed energy-displacement curves of the models with four HAZ triggers on the opposite sides with 1.5mm of the width. Fig. 31 . Force-displacement and absorbed energy-displacement curves of the models with 3mm wide of the HAZ triggers, on the opposite sides at the same distance along of the model. Fig. 32 . Force -displacement and absorbed energy-displacement curves of the models with four HAZ triggers on the opposite sides with 3mm of the width.
Numerical simulations of crushing behaviour of aluminium tubes with local triggers obtained through heat treatment were performed. The highest efficiency of absorption energy during crushing is found in models that have four triggers in opposite sides with 1.5mm wide, and in models with four triggers around the model and 3mm width. Table 3 . Numerical results
The research revealed that, by using a thermal trigger, a reduction of 15% of the initial crushing force is achievable. It is also found that this thermal trigger can not only reduce the initial maximum force but also ensure stable and uniform absorbed energy at most smart models. The concept of using thermal modification of an aluminium alloy in localized areas for providing a larger global deformation of a part and higher energy absorption before failure appears as possible and effective in the experimental work presented and numerical simulations.
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